An analytical method was developed for determination of Cd, Sn, Pd, Pt and Rh in sediments, fertilizer and sludge samples by inductively coupled plasma tandem mass spectrometry (ICP-MS/MS). The performance of ICP-MS/ MS using oxygen into the octopole reaction system (ORS 3 ) and MS/MS mode, on mass and shift mass, was evaluated to overcome spectral interferences. Addition and recovery experiments in sediments, fertilizer and sludge samples at three concentration levels, 0.5, 1.0 and 5.0 μg L , respectively. All analytes were simultaneously interference-free determined by ICP-MS/MS, which demonstrates the potential of this instrumental analytical strategy for Cd, Sn, Pd, Pt, and Rh determination in complex samples.
Introduction
Platinum (Pt), Pd and Rh are elements belonging to the Pt group metals (PGM), also known as precious metals group. These elements are present in low concentrations in the earth crust, however since the late 1980s, when PGMs started to be used as catalytic converters in the automobile industry for reduction of toxic gas pollutants emission, such as CO and NO x , they have been emitted to the atmosphere as fine particulate matter. Platinum GMs have been found in air, waters, soil surfaces, road dust, sediments and plants, as a consequence of anthropogenic actions associated with the growing demand of PGMs in the pharmaceutical and chemical industries and also in the jewelry manufacture [1, 2] .
In addition to PGMs, elements as Cd and Sn are potentially toxic metals found in low concentrations in different types of environmental samples, from natural sources, such as geological formation, or mainly due to human activities, such as mining, mineral and organic fertilizer production, emission of airborne pollutants, and effluent discharges from industries into lakes, rivers and oceans, becoming a threat to several ecosystems. Thus, the monitoring of these metals can be an indicator of the impact that anthropogenic activities may have on environment and human health [3, 4] .
Inductively coupled plasma mass spectrometry (ICP-MS) is an important method for the determination of elements at trace and ultratrace levels due to its high sensitivity, analytical sample throughput, multi-element capabilities and possibility to obtain isotopic information. Its outstanding analytical characteristics allows the ICP-MS application in different fields, such as geological, petrochemical, food, biological, pharmaceutical, and environmental analysis. However, despite the advantages, trace elements determination can be affected by spectral interferences caused by isobaric species and/or polyatomic species from solvents, sample and plasma surroundings mainly when working with a quadrupole mass analyzer [5, 6] .
The determination of Cd, Sn, Pd, Pt, and Rh by ICP-MS is an example of how isobaric ions and polyatomic species with similar mass-tocharge ratios can compromise accuracy. In Table 1 is shown the most abundant isotope of each element here studied and the interfering species that may affect its isotopic determination.
According to Djingova et al. [7] , Pd determination in sediment and geological materials by ICP-MS is impaired by interferences, such as SrO of the complex Pd-DDTC was made by high performance liquid chromatography coupled to ICP-MS. Mathematical correction equations were necessary for the determination of Pt and Rh in order to obtain accurate results.
Müller and Heumann [8] developed an analytical procedure for Pt, Pd, Ru and Ir determination by ID-ICP-MS. In this case, the analytes were separated from the matrix by ion exchange chromatography to avoid spectral interferences caused by concomitants present in environmental samples. Electrothermal vaporization-ICP-MS was used by Vanhaecke et al. [9] to minimize spectral interferences in Pt and Rh determination in samples of tunnel dust and this instrumental arrangement was also used by Hsu et al. [10] to determine Au, Pd, Pt and Rh in road dust using ultrasonic slurry sampling. High resolution-ICP-MS and ultrasonic nebulization was used by Krachler et al. [11] and Rauch et al. [12] to remove spectral interferences caused by polyatomic ions in the determination of Pd, Pt, and Rh in urine digested by UV irradiation and sediments.
A strategy to overcome isobaric and polyatomic interferences that affect Cd, Sn, Pd, Pt and Rh determination in ICP-MS/MS using oxygen into the ORS 3 placed between two quadrupoles, Q1 and Q2, was here investigated. Spectral interferences can be reduced when Q1 is operated as a mass filter (MS/MS mode) selecting the ions that enter the ORS 3 and react with the oxygen, thus the mass-to-charge ratio selected in Q2 will be m/z + 16 (mass shift mode), and the analyte can be determined via its oxide. Another alternative to reduce spectral interferences is to keep the same mass-to-charge ratio (m/z) in Q1 and Q2 and in this case the analyte is determined as its own m/z and the interfering species react with O 2 gas resulting in new species with new m/z which are rejected in Q2 (on mass mode). Both, shift mass and on mass, reduce background signals and improve accuracies [12] . The MS/MS mode is mentioned in various studies as a powerful tool for to overcome spectral interferences in several applications [12] [13] [14] [15] [16] .
The main goal of this study was to evaluate the performance of MS/MS modes, i.e. shift mass and on mass, using oxygen gas into the ORS 3 , as strategy to overcome spectral interferences in the determination of Cd, Sn, Pd, Pt and Rh in sediments, fertilizers and sludges samples.
Material and methods

Instrumentation
All experiments were carried out using ICP-MS/MS (Agilent 8800, Tokyo, Japan) equipped with a Peltier cooled double-pass Scott-type spray chamber and glass concentric nebulizer. The single mode and MS/MS (shift mass and on mass) mode using oxygen (≥ 99.999%, Air Products, São Paulo, SP, Brazil) into the ORS 3 were here evaluated. Operating parameters are shown in Table 2 . A microwave oven Ethos 1 (Milestone, Sorisole, Italy) was used for sample digestion.
Reagents, standard solutions and samples
All solutions were prepared using deionized water (resistivity higher than 18.2 MΩ cm) obtained from a Milli-Q water purification system (Millipore, Bedford, MA, USA). Standard solutions were prepared by diluting stock solutions of 1000 mg L −1 Cd, Sn, Pd, Pt and Rh (Qhemis, São Paulo, SP, Brazil) to build up the calibration curves in 1% v v −1 HNO 3 . Nitric acid (Merck, Darmstadt, Germany) previously purified using a sub-boiling distillation system (Milestone) and 30% v v
H 2 O 2 (Labsynth, Diadema, Brazil) were used to digest the samples. The sludge and organomineral fertilizer (FOrgm) samples were provided by Embrapa Pecuária Sudeste (São Carlos, SP, Brazil) and by Agronomic Institute of Campinas (Campinas, SP, Brazil). The sediments S1 and S2 were from Havana Bay (Havana, Cuba). The accuracy of the method was evaluated using addition and recovery experiments at 0.5, 1.0, and 5.0 μg L −1 spiked levels.
Sample preparation
A volume of 6.0 mL of 7 mol L −1 HNO 3 and 2.0 mL of 30% m m −1 H 2 O 2 were added to approximately 200 mg of each sample (Sludge, OrgmF, S1, and S2). The mixtures were microwave-assisted digested using the following heating program: (1) 20 min to reach 200°C; (2) 20 min hold at 200°C and in both steps the applied power was set at 1000 W. After cooling down to room temperature, the volume was made up to 50 mL with distilled-deionized water and a 4-fold dilution was carried out to adjust total dissolved solids content (≤0.1% m v
−1
). All procedures were performed in triplicate.
Results and discussions
Analytical performance and accuracy check
Spectral interferences may critically affect ICP-MS measurements when trace levels elements are determined in samples containing complex matrices. These interferences are more evident when working with low resolution quadrupole analyzers and modern instruments are designed with special arrangements to overcome these difficulties, such as ICP-MS/MS.
Addition and recovery experiments were carried out in three concentration levels for sludge, fertilizer and sediments samples to evaluate the accuracy of the analytical method when instrumental measurements were performed in single quadrupole, MS/MS on mass and MS/MS shift mass modes ( , that ranged from 19 to 275%, 89 to 172%, and 93 to 179%, respectively. These results are in agreement with those described by Djingova et al. [8] and Hsu et al. [10] for Pd, Pt, and Rh, without using any strategy to eliminate spectral interferences. These authors pointed out the need of methods to solve these interferences.
When the MS/MS mode was used with oxygen into the ORS 3 (gas flow rate at 0.30 mL min ), recoveries in the addition recovery experiment for all analytes improved significantly, ranging from 81 to 117% for Pt and Rh, both determined from their oxides in MS/MS shift mass mode. For Cd, Pd and Sn, determined as their natural isotopes by MS/MS in on mass mode, the recoveries ranged from 80 to 113%. The selection of the m/z 195 and 103 in Q 1 As can be seen in the present work some analytes of interest are interfering species of others and the use of MS/MS arrangement allows to separate these species to be determined free of spectral interferences. 
Cu
+ that could affect the accuracy of the results for this analyte due to the high concentration of Cu in the studied samples.
Limits of detection
The limits of detection (LODs) of the developed method, calculated according to IUPAC recommendations using a solution containing 1.0% Table 3 Recoveries obtained for addition and recoveries experiments in sediments (S1 and S2), sludge and organomineral fertilizer samples (mean ± standard deviation; n = 3) for determination of Cd, Sn, Pd, Pt and Rh by ICP-MS/MS operated in single quadrupole and MS/MS on mass and shift mass modes, with oxygen into the ORS 3 .
Analyte
Operating mode Samples Added concentration Lum and Leung [19] reported in a recent review a lack of papers addressing the determination of Pt group elements by ICP-MS/MS despite several applications using this instrumentation. In this case, the approach here proposed for the determination of Cd, Sn, Rh, Pd, and Pt by ICP-MS/MS in complex samples is a significative analytical strategy to reduce background signals and to overcome spectral interferences, improving the accuracy of measurements of trace concentrations. Therefore, based on the accuracy obtained by MS/MS shift mass mode for Pt and Rh and on mass mode for Cd, Sn, and Pd, we can conclude that the use of this new instrument configuration was effective to overcome spectral interferences not solved when conventional single quadrupole mode was used.
3.3. Determination of Cd, Sn, Pd, Pt and Rh in sediments, sludge and organomineral fertilizer Taking into account these effects observed in different operation modes, Cd, Sn, Pd, Pt and Rh were determined in four samples using MS/MS on mass mode for Cd, Sn and Pd and MS/MS shift mass mode for Pt and Rh. The contents determined in sediments, sludge and organomineral fertilizer are presented in Table 4 .
The concentrations of Cd, Pd and Sn are relatively high and can explain positive errors observed when Sn, Cd and Pd were determined using single quadrupole mode. High standard deviations were observed for Cd, Pd and Sn determined in MS/MS on mass mode and this behavior can be associated to collisions that probably occur among the ions into the ORS 3 containing oxygen at 0.30 mL min − 1 flow rate, despite the fact that these elements do not react. However, although the unusual high concentrations of these analytes may be seem as atypical, the use of ICP-MS/MS with versatility for operation in different modes allowed to overcome spectral interferences and led to accurate recoveries as shown in Table 3 .
Conclusions
The use of ICP-MS/MS was an effective strategy for overcoming spectral interferences caused by ions and polyatomic species with similar m/z ratios for determination of Cd, Sn, Pd, Pt and Rh in sediments, sludge and fertilizer samples containing high concentrations of these analytes. The use of ICP-tandem mass spectrometer with oxygen pressurized cell was a powerful tool to improve accuracy and made feasible the interference-free determination of analytes in complex samples. .
